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Abstract 
The pharmaceutical residues from chemical synthesis pharmaceutical industry often contain some alkali salts due to the 
widely use of alkali salts in the manufacturing process, the waste management of such is a significant challenge. Generally, the 
residues are disposed by landfill and incineration. However landfill is unsustainable and the incineration’s efficiency is effected 
by furnace slag-bonding during combustion, that affects the widely use of incineration. On the other hand, molten salt oxidation 
is an efficient, flameless thermal process, has the inherent capability of destroying organic constituents of wastes while retaining 
the inorganic constituents in the molten salt. Therefore, a new access is proposed by disposing the residues using molten salt 
oxidation. A high salt content pharmaceutical residue that contains 28.82wt% Na has been selected as the sample. Molten salt 
oxidation experiments have been conducted in a lab-scale molten salt reactor using a ternary salt (Li,Na,K)2CO3. The 
experimental parameters investigated here are the temperature of molten salt and the excess air factor. The concentrations of the 
CO, NOx and SOx in the off-gas are monitored on-line. Results show that the concentration of CO decreases with temperature 
increasing, especially at temperature higher than 600ć. The SOx in the off-gas has been detected rarely, irrespective of the 
operating conditions. When the temperature is below 700ć, the concentrations of NOx in the off-gas are under 200ppm, but as 
the temperature reached 700ć, due to the nitrite in salt bath begins to decompose, the concentration increases dramatically, 
suggests the operating temperature should below 700ć in order to suppress the emission of NOx. Compared to the temperature’s 
role, the effect on the residue’s oxidation of the excess air factor is relative small. In the drained salt no char has been found and 
the XRD analysis shows that the main content of the salt is still (Li,Na,K)2CO3. The results of our study show molten salt 
oxidation is a promising alternative technology for the disposal of high salt content pharmaceutical residues from the chemical 
synthesis pharmaceutical industry, and it may be also suitable for other high salt content residues from the fine chemical industry, 
however, more research is needed to verify this possibility. 
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1. Introduction  
China has one of the largest pharmaceutical industries in the world which yields thousands of tons of 
pharmaceutical drugs that bring many benefits to human society every year 1 .An unintended consequence is that the 
pharmaceutical industry also produces much more wastes: waste water, waste gases and waste solids. Unlike the 
waste water and waste gases have designated places to go, and often can be managed well, the situation is less 
certain for the waste solids, especially in the chemical synthetic pharmaceutical industry2. 
An important proportion of the waste solids is pharmaceutical residues generated by chemical synthetic 
pharmaceutical industry. Owing to the residue of the active pharmaceutical ingredients (APIs) in the residues, as 
well as many of the raw materials used in the pharmaceutical production are harmful both to human beings and 
environment, these pharmaceutical residues are hazardous wastes and listed as HW02 in the national hazardous 
waste list. As hazardous wastes, the residues from the chemical synthetic pharmaceutical industry are detrimental to 
the environment and public health, if inadequately managed. To make situation worse is the huge quantities of these 
residues. In 2013, the chemical pharmaceutical industry yields 2.71 million ton of active pharmaceutical ingredients, 
according to the first national pollution census of industry pollution emission coefficient, 0.126-0.454 ton of 
hazardous residues is produced when a ton of drugs is yielded, which means the production of the hazardous 
residues is between 341 to 1,230 thousand ton in 2013. What’s more, for the residues come from the chemical 
synthetic pharmaceutical industry, due to the widely use of alkali salts in middle process during the production of 
drugs, the residues often contain high content of alkali salts.  
The customary treatment means of pharmaceutical residues are landfill and incineration 2. But after the residues 
are considered as hazardous wastes, the residues should be treated properly before being filled in the landfills. And 
as the landfills are becoming fulfilled and places suitable for new landfills are becoming less. And the leachates 
contain the active pharmaceutical ingredients (APIs), the antibiotics and the metabolites of the pharmaceutical drugs 
from the landfills also pollute the underground water near the landfills 3. The disadvantages of landfill disposal limit 
the use of landfill when treating the residues. Incineration is an effective thermal treatment that has many advantages, 
such as high reduction of mass and volume of the waste, the organic constituents can be completely oxidized under 
high temperatures, the pathogens and toxins in the wastes can be destroyed efficiently, the heat value of the waste 
can be recover. However, like every coin have two sides, incineration also has some disadvantages: the generation 
of hazardous fly ashes that are rich in heavy metals, the acid gases like SOx, NOx, and HCl in the off-gas, other toxic 
substances (especially PCDD/Fs) are produced, too 4. These hazardous products and toxins have negative effects on 
the spread use of incineration. And perhaps the most serious drawback an incinerator faces when treating a high salt 
content pharmaceutical residue is the furnace-slagging problem as the residue contains high content of alkali salts 
which have low melting points.  
As the residues are produced more and more as a result of the high development of the chemical synthetic 
pharmaceutical industry in China, it is imperative to develop an alternative treatment that can disposal the residues 
economically and environmental-friendly. 
Molten salt oxidation (short as MSO) is a thermal, flameless process which has the inherent capability of 
destroying organic constituents in wastes efficiently, and retaining the inorganic constituents in the salt bath in the 
meantime5-7. During a molten salt oxidation process, the wastes are introduced into a molten salt bath together with 
oxidant air. And the flameless oxidation reaction occurs beneath the melt surface, the carbon and hydrogen are 
eventually oxidized to CO2 and steam. The heteroatoms, including sulfur, nitrogen and halogens are converted into 
acid gases, like SOx, NOx and HX (X refers to halogens), which are scrubbed and absorbed efficiently by the alkali 
melt salt, if the contact time between the acid gases and carbonate salts is enough. The inorganic constituents such 
as salt and metal oxides are retained in the salt bath. The off-gas leaves the reactor contains fine entrained salt 
particles needs to be filtered before being discharged to the off-gas treatment equipment5, 6. MSO has been tested for 
the disposal of PCB-contaminated waste oils and solvents, chlorinated solvents, explosives and propellants, ion-
exchange resins, PBDEs, plastics, chemical warfare agent sarin and so on, and very high destructive efficiencies 
have been reported 5, 6, 8-16.When compared to incineration, MSO has several advantages: 
z 1). The operating temperature is hundreds of degrees lower than that of incineration, when using a ternary 
salt eutectic (33.3wt%Li2CO3: 33.4wt%Na2CO3: 33.3wt%K2CO3), the reaction temperature can be as low 
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as 450ć, not only minimizes the entrain of heavy metals, but also leads to a low requirement on the heat 
value of the feeding wastes9; 
z 2). As the operating temperature is low, the demand of supplement fuel to sustain the reaction can be 
decreased, which reduces the off-gas volume as well as the operating cost; 
z 3). The acid gases are scrubbed by the carbonate salt bath, eliminates the need of an off-gas scrubbing 
system and no waste water effluent is produced6, 15; 
z 4). The large thermal mass of the molten salt offers a temperature uniform reaction environment and can 
resist thermal surges caused by the feeding rate fluctuations; 
z 5). Thanks to the phenomenon of “ not-in-my-back-yard”, the construction of an hazardous wastes 
incinerator is more difficult than before, while permitting a MSO system should be easier; 
These advantages of MSO gain much attention to develop MSO as an alternative to incineration. When apply 
MSO into the disposal of residues from pharmaceutical industry, there are extra benefits which may be absence for 
other wastes. First, the raw materials and by-products of the chemical synthesis pharmaceutical industry are almost 
low-molecular substances, little soot or char would be generated in the salt bath as happened during the treatment of 
waste cotton, paper, and plastics which are high-molecular substances 6.Second, the ash content of the residues is 
mainly alkali salt, the accumulation of the ash in the salt bath has little effect on the fluidity of the molten salt. Last 
but not least, the alkali salt in the dregs can also be recovered.  
However, there is limit reference available about the destruction performance of pharmaceutical residues using 
MSO as far as we know. Thus, in this work we conduct the molten salt oxidation of a typical high salt content 
pharmaceutical residue with an objective to describe the treating method of residues using MSO, to evaluate the 
efficiency of this new alternative. 
2. Experimental materials and procedures 
2.1 Experimental set-up 
All the MSO reaction experiments are performed using a lab-scale MSO reaction system. A diagram of the set-
up is shown in Fig. 1: it mainly consists of a screw feeding with air injection, a MSO reaction vessel, an off-gas 
treatment system and a gas monitor. The reaction vessel is made of 310S stainless steel in order to withstand both 
the high temperature and the molten salt corrosion, has an inside diameter of 5.8 cm and 60 cm long. The residue is 
feed into the salt bath through a 1.2 cm inside diameter vertical tube together with the oxidant air, the immersed 
depth of the residue and air is set at 20cm.  
 
 
Fig. 1. Scheme diagram of lab-scale MSO reaction system 
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2.2 Materials 
The pharmaceutical residue sample used in this work is obtained from a chemical pharmaceutical manufacturer 
located in WeiFang City, Shandong province, China. The main component of the residue is Na2C2O4, along with 
some pharmaceutical by-products. Its proximate and ultimate analysis is given in Table 1. Before the analysis, the 
sample has been dried at 60ć for 24 h in a drying oven in order to feed easily during the MSO process.  
A ternary salt mixture (Li2CO3: Na2CO3:K2CO3=33.3wt%:33.3wt%:33.4wt%) with an eutectic temperature at 
393ć is selected here as the molten salt9. The alkali carbonate salt used here are all of analytical grade, purchased 
from Sinopharm Chemical Reagent Co., Ltd. 
Table. 1. Composition of the high salt content residue 
Proximate analysis 
(wt %) 
Moisture Ash Volatiles Fixed carbon Total 
 3.35 46.07 47.92 0.66 100 
Ultimate analysis 
(wt %) 
C H N S O 
 29.72 1.12 5.87 1.35 12.57 
High heating 
value(J/g) 
10303     
Na content (wt %) 28.82     
 
2.3 Procedure and Analysis 
The amount of (LNK)2CO3 salt used is 1200g. The feeding rate of the residue is set at 0.25 g/min. It should be 
mentioned that the experimental temperatures selected here are based on the TG analysis of the residue, as shown in 
Fig 2. It can be seen that the residue has a quick mass lose at temperature around 550ć. When temperature reaches 
700ć, the mass loss of the residue is near finished. Based on the characteristic of the residue, the MSO experiments 
temperature are selected at 550, 600, 650 and 700ć. The excess air factors (short as EAF) selected are 1.25, 1.50 
and 1.75. 
MSO test conditions are shown in Table 2. The residue is fed into the reactor for 1 min as a batch feeding unit 
or continuously fed by the screw feeding. The reactor is allowed to reach to a steady temperature state for 30 min 
before a particular experiment condition. For continuous feeding conditions, before measurement, the MSO process 
is allowed to run for 5 min. 
The concentration of CO, NOx and SOx are monitored by a flue gas analyzer (KANE International Ltd; 
KM9106), and the results are calculated to the standard 11%O2 in the flue gas. Due to the main component of the 
residue is Na2C2O4 which under high temperature would decompose into Na2CO3 and CO, CO is the main PICs in 
the off-gas and its concentration can reflect the oxidation efficiency of MSO for the residue in some extent. After the 
molten salt oxidation reaction, the salt in the reactor is drained, cooled and pulverized. The XRD analysis of the salt 
powder is conducted by a PANalytical X'Pert PRO with Cu Kα as the radiation source(λ=1.5406Å), and a scan 
range from 10-80e.  
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Fig. 2. The TGA analysis of the high salt content residue 
Table. 2. Experimental conditions 
Molten salts 33.3wt%Li2CO3, 33.3wt%Na2CO3 and 33.4wt%K2CO3 
Quantity of molten salts 1200g 
Temperature of molten salts 550,600,650,700ć 
Excess air factor(EAF) 1.25,1.50,1.75 
Feed rate of the residue 0.25g/min 
 
3. Result and discussion 
3.1 MSO characteristic of batch feeding of the residue 
To investigate the basic characteristic of MSO treatment of the residue, the residue is fed into the salt bath by 
batch feeding, in this instance, the batch feeding time is 1min. The concentrations of CO, NOx and SOx are 
monitored on-line. The temperature of the molten salt selected are 550 and 700ć, and the EAF chosen are 1.25 and 
1.75. The variation of CO concentration is shown in Fig 3. As shown in Fig 3, at the very beginning of every 
condition, the CO concentration increases slowly compared to the later feeding time. It is probable that at the very 
begin there exists enough peroxide ions O22- and superoxide ions O2- which can oxidize the CO generated efficiently 
during the bubbles rising process. As the CO becomes more and more, the concentrations of peroxide ions O22- and 
superoxide ions O2- decrease, so more CO leaves the molten salt bath before being oxidized. After the feeding is 
over, the generation amount of CO decreases, and the CO emission decreases. As temperature increases from 550ć 
to 700ć, the peak of CO concentration decreases obviously as temperature has a positive effect on the oxidization 
of CO. However, as the temperature is only 700ć, there still exists some CO in the off-gas. Compared to the 
temperature’s role, the effect of EAF on the CO emission is small and at different temperatures the effect is different, 
which may be caused by the interaction of the dilution effect and the change of the hydrodynamic characteristics in 
the multi-phase system with EAF increases. 
The variation of NOx concentration is shown in Fig 4. Like the situation of CO, at the very beginning of the 
batch feeding time, the NOx concentration is also very low either at 550ć or 700ć. At 550ć, the emission peak of 
NOx is under 200 ppm and the effect of EAF has no significant effect on the variation. But as temperature reaches 
700ć, the peak of NOx concentration increases dramatically, as the nitrite in the salt bath begins to decompose. And 
EAF has a negative effect on the NOx emission that differs from the situation at 550ć when the effect of EAF is 
negligible. And SOx is rarely detected in the off-gas, irrespective of the experimental conditions, it is likely that all 
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the SOx generated are scrubbed by the salt bath. 
 
 
Fig. 3.  The variation of CO concentration based on batch feed (0.25g residue) 
 
 
Fig.4.  The change of NOx concentration based on batch feed (0.25g residue) 
3.2 MSO characteristic of continuous feeding of the residue 
The experiments of continuous feeding of the residue are conducted to explore more detailed characteristics of 
MSO treatment of the residue. The concentrations of CO and NOx are monitored on-line. The temperature of the 
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molten salt selected here are 550, 600, 650 and 700ć, and the EAF are 1.25, 1.50 and 1.75. 
Fig 5 shows the change trend of the concentration of CO which is the main PICs in the off-gas along with the 
operation conditions. With temperature increases, the concentration of CO decreases. However, the concentration of 
CO at 600ćdecreases only a little, compared to 550ć. It is probably the result of the quick mass loss of the 
residue between the temperature of 550ć and 600ć, during which maybe some CO is generated, and the increased 
CO offsets a big part of the effect of temperature increases. Due to the highest temperature chosen here is only 
700ć, the concentration of CO in the off-gas is still over 2000 ppm at last. Compared to the effect of temperature, α 
has a different effect on the CO concentration, at low temperatures (550,600ć ), with EAF increases, CO 
concentration decreases, while at temperature of 650 and 700ć, as EAF increases, CO concentration increases. It 
may be caused by the interaction of the dilution effect and the change of the hydrodynamic characteristics in the 
multi-phase system with EAF increases. At low temperature (550,600ć), the oxidization speed of CO is slower, and 
with EAF increases, the CO concentration in the off-gas is diluted. While at temperature of 650 and 700ć, the 
oxidization speed of CO is much higher, so the residence time of the gas bubbles plays a more important role. In the 
molten salt bath, after the oxidant air enters, bubbles begin to form and grow at the nozzle, for the bubbles generated 
in a viscous liquid, the diameter of the bubble can be expressed by17: 
 
                ̱ ቒ௔ொ
మ
௚ ቓ
଴Ǥଶ
                                     (1) 
 
And the terminal rising velocity can be expressed as: 
 
                       ൌ ටସ௚ௗଷ஼ವ                                        (2) 
 
Here “a” is an inertial parameter, “Q ”is the flow rate which depends on the α, and “ g ” is the acceleration of 
gravity. “CD ” is the coefficient of the drag. 
With the EAF increases, the superficial velocity increases, more big bubbles are produced, and the specific 
surface area of the bubbles contacted to the molten salt and the residence time of the bubbles in the molten salt 
decreases, which affect the oxidation of CO. As a result, the CO concentration increases along with EAF increases. 
Therefore, the optimization of the inner structure is in demand with a purpose to yield more small bubbles which can 
improve the phase mixing and mass transfer in the multi-phase molten salt system. 
 
Fig. 5. The emissions of CO during the residue's MSO process 
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Fig. 6. The emissions of NOx during the residue's MSO process 
Fig 6 shows the changes of NOx concentration with the change of experimental temperature and EAF. At 
temperatures below 700ć, the NOx emission grows slowly and the concentrations are below 200ppm. And the EAF 
has no significant effect on the emission, too. It may because that the NOx generated from the residue’s molten salt 
oxidation process is little itself and is scrubbed by the molten salt bath. However, when temperature reaches 700ć, 
the NOx emission has a dramatically increases, due to the nitrite in the salt bath begins to decompose and generate 
NOx.  
Therefore, it is improper to strengthen the oxidation of CO which is the main PICs through employing a higher 
temperature, due to at high temperatures, in this instance, at 700ć, the nitrite in the salt bath begins to decompose, 
leading to a dramatically increase of NOx emission in the off-gas, the disposal of which is more expensive than CO’s, 
and maybe a MSO reactor with relative low operating temperature combined with a high temperature secondary 
combustion chamber is a better choice.  
 
3.3 The drained salt analysis 
The result of XRD analysis of the drained salt powder is shown in Fig 7. The main content of the salt are still 
(LNK)2CO3, along with little sulfate. The nitrate in the salt decomposes after a long time operation under 700ć. 
Due to Li2CO3 is only slightly soluble in the water, here we use 2 M sulfuric acid solution to dissolve the drained 
salt powder. About 100g of the salt powder are dissolved and no char particle has been found.  
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Fig. 7. The XRD pattern of the drain salt powder 
4. Conclusions 
Molten salt oxidation of a typical high salt content pharmaceutical residue has been conducted in this study, 
results show the residue can be treated effectively by MSO. The main acid gas in the off-gas is NOx. When reaction 
temperature is below 700ć , the emission of NOx is below the environment emission standard. But as the 
temperature reaches 700ć, the nitrate in the salt bath begins to decompose, the NOx concentration in the off-gas 
increases dramatically. Due to CO can be treated much cheaper than NOx, so the reaction temperature should below 
700ć even though at which the CO concentration is still high, in order to remain the concentration of NOx under 
the emission standard, and a high temperature secondary combustion chamber is needed to oxidize the PICs 
completely. 
Unlike the temperature has a positive effective on the destruction efficiency, the effect of EAF is different at 
different temperatures, may be caused by the change of the hydrodynamic characteristics in the multi-phase system 
with EAF increases, more researches are needed to gain a detailed understanding of the effect of the EAF. The 
results of our study show molten salt oxidation is a promising alternative technology for the disposal of high salt 
content pharmaceutical residues from the chemical synthesis pharmaceutical industry, and it may be also suitable for 
the disposal of other high salt content residues from the fine chemical industry, however, more research is needed to 
verify this possibility. 
 
 
References 
 
1. Dai, N., Research of the development strategy of China's API industry. China Market Marketing, 2014, (6), 111-112. 
2. Honghua, W.; Haibo, F.; Shubin, X.; Shuangying, N.; Yongcong, L. In Analysis on the current situation of pharmaceutical industry pollution 
control technology in China, The international academic exchange of environmental management and technology assessment, Beijing, 2012-01-
01, 2012; Beijing, 2012; pp 1-13. 
3. Holm, J. V.; Ruegge, K.; Bjerg, P. L.; Christensen, T. H., Occurrence and distribution of pharmaceutical organic compounds in the 
groundwater downgradient of a landfill (Grindsted, Denmark). Environmental science & technology 1995, 29, (5), 1415-1420. 
4. Quina, M. J.; Bordado, J. C. M.; Quinta-Ferreira, R. M., Chemical stabilization of air pollution control residues from municipal solid waste 
incineration. Journal of Hazardous Materials 2010, 179, (1-3), 382-392. 
5. Hsu, P. C.; Foster, K. G.; Ford, T. D.; Wallman, P. H.; Watkins, B. E.; Pruneda, C. O.; Adamson, M. G., Treatment of solid wastes with molten 
salt oxidation. Waste Management 2000, 20, (5), 363-368. 
6. Yao, Z.; Li, J.; Zhao, X., Molten salt oxidation: A versatile and promising technology for the destruction of organic-containing wastes. 
Chemosphere 2011, 84, (9), 1167-1174. 
7. Adamson, M. G.; Hsu, P. C.; Hippie, D. L.; Foster, K. G.; Hopper, R. W.; Ford, T. D., Organic waste processing using molten salt oxidation. 
High Temperature Material Processes 1998, 2, (4), 559-580. 
344   Chengqian Lin et al. /  Procedia Environmental Sciences  31 ( 2016 )  335 – 344 
8. Navratil, J. D.; Stewart, A. E., Waste treatment using molten salt oxidation. Nukleonika 1996, 41, (4), 57-72. 
9. Griffiths, T. R.; Volkovich, V. A.; Anghel, E. M.; Carper, W. R. In Molten salt oxidation for the efficient destruction of radioactive, hazardous 
chemical, medical waste and munitions, 24th International Conference on Incineration and Thermal Treatment Technologies, Galveston, Texas, 
2005; 2005. 
10. Yang, H. C.; Cho, Y. J.; Yun, J. S.; Kim, J. H., Destruction of halogenated plastics in a molten salt oxidation reactor. The Canadian Journal 
of Chemical Engineering 2003, 81, (3-4), 713-718. 
11. Pandeti, S.; Buckley, S. G., Molten salt oxidation of chlorobenzene. Combustion science and technology 2004, 176, (2), 257-276. 
12. Yang, H.; Cho, Y.; Eun, H.; Yoo, J.; Kim, J., Molten salt oxidation of ion-exchange resins doped with toxic metals and radioactive metal 
surrogates. Journal of Nuclear Science and Technology 2005, 42, (1), 123-129. 
13. Sugiura, K.; Minami, K.; Yamauchi, M.; Morimitsu, S.; Tanimoto, K., Gasification characteristics of organic waste by molten salt. Journal of 
Power Sources 2007, 171, (1), 228-236. 
14. Alam, M.; Kamath, S., Cyanide destruction in molten carbonate bath: Melt and gas analyses. Environmental science & technology 1998, 32, 
(24), 3986-3992. 
15. Flandinet, L.; Tedjar, F.; Ghetta, V.; Fouletier, J., Metals recovering from waste printed circuit boards (WPCBs) using molten salts. Journal 
of hazardous materials 2012, 213, 485-490. 
16. Yao, Z.; Li, J.; Zhao, X., Destruction of decabromodiphenyl ether (BDE-209) in a ternary carbonate molten salt reactor. Journal of 
environmental management 2013, 127, 244-248. 
17. Snabre, P.; Magnifotcham, F., I. Formation and rise of a bubble stream in a viscous liquid. 1998, 4, (3), 369-377. 
 
 
